The reproductive output of an organism is a critical life-history trait defining its 3 fitness, and is the result of both offspring number and quality. In the case of cereal crops, 4 the number and size of seeds are also the main constituents of yield. Thus, understanding 5 the genetic architecture of seed size and number, and any possible genetic constraints to 6 maximizing them, is crucial from both an evolutionary and applied perspective (KESAVAN et 7 al. 2013; SADRAS 2007 ; VAN DAELE et al. 2012) . Despite its importance, the genetic basis of 8 natural variation in seed size and number, and their interaction with life-history traits 9 remain poorly understood.
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Previous studies on the genetic basis of seed traits have predominantly used 12 mutant screens, and identified genes in key pathways involved in seed development 13 (ADAMSKI et al. 2009; FANG et al. 2012; GARCIA et al. 2003; TZAFRIR et al. 2004) . However, 14 since this approach only allows for the comparison of phenotypic effects of genes that are 15 "on" or "off" (KOORNNEEF et al. 2004) , genes' contribution to natural continuous variation 16 in seed size or seed number remain largely uncharacterized. Because the effects of 17 mutants are often dependent on the genetic background (CHOU et al. 2011; TONSOR et al. 18 2005), a QTL mapping approach using multiple parents is ideal to identify genetic factors 19 that can contribute to natural variation in these traits in a heterogeneous genetic 20 background. resources to be invested in reproduction, a trade-off between seed size and seed number must occur (VENABLE 1992) . Although the seed size/number trade-off is well accepted on 1 theoretical grounds, empirical evidence for its existence is still contentious, and 2 dependent upon the context under which it is evaluated (HOUSE et al. 2010; PAUL-VICTOR 3 and TURNBULL 2009; SADRAS 2007; VENABLE 1992) . One possible explanation for context 4 dependency in trade-offs is that the resources available for reproduction are not discrete 5 from the whole plant budget. With many competing allocations within the organism, 6 trade-offs may arise not just between seed size and seed number, but also with other 7 competing sources such as defense against biotic and abiotic stress (BAZZAZ et al. 1987; 8 ZÜST et al. 2011; WITUSZYŃSKA et al. 2013) . Alternatively, the expression of the trade-off 9 might be dependent on the level of resources available (BENNETT et al. 2012; NOORDWIJK 10 and JONG 1986; VENABLE 1992) . Variation in life-history is common within populations; and It is important to determine the existence and mechanism behind trade-offs, 21 because environmentally-caused trade-offs can be modified by selection or genetic 22 manipulation. However, for trade-offs that result from genetic pleiotropy or linkage 23 disequilibrium, responses to selection will be constrained (LANDE and ARNOLD 1983; LATTA 24 G n a n e t a l . | 6 and GARDNER 2009; ROFF and FAIRBAIRN 2007) . In addition, the assumption of a trade-off 1 between seed size and seed number has shaped breeding practices (SADRAS 2007; EGLI 2 1998): Seed number has been the main target for crop improvement because it is more 3 variable than seed size (HARPER et al. 1970; SADRAS 2007; SADRAS and EGLI 2008; VENABLE 4 1992). However, if seed size shows less environmental variation and higher heritability 5 than seed number, seed size might be a useful target for genetic crop improvement 6 (SADRAS and SLAFER 2012); but only if the trade-off can be teased apart. Here, we investigate the genetic basis of natural variation in seed size and its 9 correlation with seed number using a set of recombinant inbred lines of A. thaliana, 10 derived from a Multiparental Advanced Genetic InterCross population, known as MAGIC 11 lines (KOVER et al. 2009b) . Arabidopsis thaliana is an ideal model organism for the study of 12 natural variation in seed size and number, because there is extensive variation among 13 world-wide accessions for both of these traits and for many life-history traits (ALONSO-14 BLANCO et al. 1999b; KOVER et al. 2009b; KRANNITZ et al. 1991) . Few studies have addressed 15 the issue of QTL for seed size and number, taking into account other life-history traits 16 (ALONSO-BLANCO et al. 1999a ; VAN DAELE et al. 2012 ) 
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G n a n e t a l . | 10 + β Aborted + β Nodes + β Total branches + β flowering + ε. The bootStepAIC package for R was run in 1 both directions for model selection (α=0.05; bootstrap resampling 1000x).
2
We also estimated genetic (V g ) and environmental variances (V e ) for seed weight 3 and total number of seeds per fruit by running a one-way ANOVA with MAGIC line as a 4 random factor, using the mixed procedure in SAS (which uses REML to fit the model). on Table S1 , which shows qualitatively the same results. The estimated value of each of the 19 haplotypes ( Table 5 ) also shows that, for 6 20 of the 8 seed size QTL identified, the allele conferring the largest seed size is from the 21 Bur-0 accession. At the other 2 QTL, the Bur-0 allele leads to the second largest seed size.
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In contrast, the alleles causing the largest or smaller number of seeds per fruit are from a 23 G n a n e t a l . (HERRIDGE et al. 2011 ; VAN DAELE et al. 2012; MOORE et al. 2013 Fruit length is sometimes used as a proxy for seed number and for estimates of 4 fitness in A. thaliana (e.g. BRACHI et al. 2012) . Here, we find that although there is a 5 significant correlation between fruit length and seed number (Table 2) , it is far from 6 perfect. Although there is overlap for one QTL for fruit length and seed number, this is 7 not a particularly strong QTL. It is possible that larger fruits are due to more seeds or 8 larger seeds. Thus, caution must be exercised when using fruit length as a proxy for seed 9 number. This is particularly inappropriate when the study includes the accession Ler, 10 which contains the mutation ERECTA (TORII et al. 1996) . This mutation shortens the fruit 11 length and the plant height, reducing the correlation between fruit length and seed 12 number, as seen when comparing Table 2 to Table S2 (which shows the genetic   13 correlations for non-erecta lines). Recent studies suggest that seed area can be used as a 14 proxy for seed size to automate phenotyping (HERRIDGE et al. 2011; VAN DAELE et al. 2012) .
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While we find that actual seed weight shows higher heritability than seed area, the 16 correlation is high enough to make a suitable substitute, since pictures make the 17 phenotyping significantly more efficient. and there is a stronger negative correlation between seed number and flowering time (Table 2 ). In addition, there is little evidence for common genetic regulation for both of 1 these traits. Kover et al. (2009) A. thaliana (ALONSO-BLANCO et al. 1999a ; VAN DAELE et al. 2012) , concluded that both of 10 these traits map to similar locations and could be pleiotropic. However, their confidence 11 intervals were quite large (sometimes encompassing the whole half of a chromosome), 12 and thus difficult to compare with our results.
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Previous work has shown that parental resource status (NOORDWIJK and JONG 1986; 15 PAUL-VICTOR and TURNBULL 2009; VENABLE 1992) , plant size (JAKOBSSON and ERIKSSON 2000) 16 and age (CLAUSS and AARSSEN 1994) reproduction (COLAUTTI and BARRETT 2010; MÉNDEZ-VIGO et al. 2010; MITCHELL-OLDS 1996) .
Hence, it is likely that the observed modest trade-offs are a consequence of restricted 1 resources and not genetic pleiotropy. However, it is puzzling that later flowering plants 2 also show reduced number of seeds per fruit, given that previous studies have also shown 3 that they also produce fewer fruits (KOVER et al. 2009a; SPRINGATE and KOVER 2014 per cob (SEKHON et al. 2014) . Also, in rice a Receptor-like kinase (RLK1) cloned from a yield 18 QTL was transformed to determine the specific gene action, and found to significantly 19 increase yield through a ~30% increase in seed number/panicles, with only a 5% 20 reduction in seed weight (ZHA et al. 2009 ). We also found that that seed size was found to 21 display higher heritability and a reduced plastic response to flowering time ( Figure S1 ) than seed number. Similar conclusion was reached by Sadras and Slafer (2012) 23 in their meta analysis of cereals. The combination of genetic independence of seed size from seed number, and the higher heritability and plasticity of weed size, suggest that 1 seed size might be a better target for yield and fitness improvement than seed number.
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